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CH^T^i I 
II^TItODUCTIOU 

The dir lift ptLnp is becoming; more important yot^r ty yet*r 
for lifting v.i^ter from deep v.ells. Ita field oi usefulness is 
oonstc^ntly beinj- enli»rged, t^nd engineers ure bes-inning to re- 
alize tii^t ti.e air lift method of pumping, ulthou^h not ^.uite 
us highly efficient olS compured v.ith soije other uothods, is a 
very important one, ov;ing to ti.e mo.ny important advantages it 
posseuses over other :uethods, in piLmping lar^e quantities of 
liquids from v.ells of small bore, and on account of oti.er fea- 
tures v/hich v;ill be discussed in succeeding pageu. It is safe 
to Say that, under proper conditions and good design, all 
things considered, the expense of oparation of the air lift 
will compare favorably v.ith any other method of pumping. 

The air lift is found in municipal v^atervvorks, irriga- 
tion v.orks, brev^eries, ice factories, dye-works, packing 
houses, and numerous other places. 

Despite the fact that the air lift pump is of universal 
applicability, thore is little kno\ n by engineers concerning 
its proper design and installation. This is primarily due to 
the scarcity of literature on t:.e subject, and then, too, the 
system is so very simple that at first sight it does not seem 
to merit the ti.oi-ght and an.-alysis ti.at otlier proven m:chanical 
devices receive. 

liumerous tests hava be.ni conducted by m.^n;;iacturerb of 
compreLsorcj on patented devices and li.e use oi t:.ese devices 
in connection \, ith air lift pumping plants have been /.wee, 
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hut the information gained from such tetsts hc.s not been made 
public. IJotwithstunding the fact thu^t the method of lifting 
liquids "by air h^^s been ]rinov;n for over a century and has 
been used considerably in plants of various sizes and for var- 
ious purposes, the amount of reliable data available to the 
practicing engineer is indeed very meager. 

With the purpose of supplying the demiiud for reliable 
data, t..e authors have me^de a series of runs or experiments 
on tiie air lift and have presented dll pertinent datti here- 
with. 

It is the opinion ot the authors thut the air lift 
method of pumping is by far the best method of lifting v.ater 
from deep wells. 

Historical . 

The first ^application of compressed air to lifting wa- 
ter is to be found in the Book of Hercii. The arrar.gement, 
which there is not time to explain in detail, is to be found 
in Iven's book on "Pumping by Compressed Air," pages 90 and 
91. The arranrement is known us ti.e "Fountain of heron." 
The "Founteuin of Heron" we^s used in iue mines of Cheionitz, 
Hungary, about the middle of the eighteenth century. 

A Jerm n mining engineer namoc lascher performed some 
laboratory experiments on an air pi;a:iping station o:" his own 
design in the year 1797. He published the requite; of his 
tests in a pamphlet culled, "AerostatiBches Zunstgezeng." 
His invention was not prt into prc-tcticul use until about 
one-half a century later. In 1664, an jL-^ericcH mining 
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engineer nauied Cockford used 'v^hut was probably tlie first prtio- 
tical application of tne air lift pump. He succeeded in pump- 
ing oil from wells in Pennsylvtoiia. 

On Llay £3. 1866, A. Brear v.as grunt 3d a patent on an "oil 
ejector" v.nich was in reality un air lift pump. About the ctone 
time 3iemans experimented v.itr. ti.e air lift in lingland. 

On October 19, 1660, J. i. Frizell obtained a patent on 
an airlift \viiich grew out of his invention of a method of com- 
pressing air, on v.hich he recoivod a pateut in January, 1878. 

In 1885, V/erner Siemens used un air lift pump for drain- 
ing a mine shaft near B3rlin. In the sa.ne year Laurent, ctnd, 
in 1666, Goudry, used un uir lift for pumpin^j sulphuric acid. 
They culled tneir pump an "emulseur." 

Dr. J. G. Pohle was tr.e fir.t to use ti.e tjrm "air lift" 
as applied to tr.e above described method of pumping, in his 
spacif ications for a patent, v.hich v;u£ obtained in December, 
1692. The chief distinction betv.eon Dr. Pohle 's pump and 
if'rizell's lies in the method of introduoting the air. To quote 
his own words, "The invention . . . consists in improved pro- 
cesses and appurutus v;hereby the compressed dir is delivered in 
bulk into the lower end of the v.ater eduction pipe, and the wa- 
ter and the air are caused to ascend through said pipe in dis- 
tinct alternate layers of definite dimensions." 

In the specifications of his patent, Pohle explains his 
understanding of the working of his pump as follows: 

"I hb.ve disooverec th^t when air of £;uitable pressure 
is allov;ed to enter in a con&tunt stream ana in cuituhle quan- 
tity into an eduction pipe at or ne^^r its lower end when it 
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is Eubmerp*ed in v.t*t3r, v.iiile itb upper e.iC riLes ubove tue v ^ter 
about t::e bu.^e dibtuuae tLttt its lov. or e^iL ib buoraer^'^jd, ti.e co.a- 
\rosbed ixlr thus introauced v. ill i.t first exxel the btunding- wa- 
ter from Vi.e pipe ia ^a unoroken coluinn free froui uir, ^nd buo- 
sevjueatly, "by \.ie con^inueu inflowing of tr.e uojiprebbed uir uuaer 
b. preb.%ure Jubt b;;ffijient to ovorcOiiiS tr.e rebist<^:ice of the v,u- 
ter ovtLice of ti:e eouotion pipe, it \.ill ^i'vull-'Q itbelf in 
alternate layers Vvith ti.e v.w.tor, v.hilo t/.3 littler :"lc;.s into t..o 
lov.ar e-id of t:.e eduction pipe by force of rravity until it is 
dibcii.>.r,7od at t:.e upper or exit end of lu^ piP'"^'* T::i£ alter::ate 
interpositio.i of cet^riiinate «^;;arititieb of v^ir uet\ eoA lue dbo 
uot ^r:::iuu^. e quantities o :' v. l^.r 3lonpo.teo ti.e e..tire uolu.in of 
air '.,..c. v.ater, ti.ib j'.ucilitating', \ it.-. Out u^terially c*d.inr to 
the v.eif^.t of the Golu:ai, tiie uibji.c.r-e of tx.e v.o;." er at a l.i^her 
level t.'.c^n ;.ould be ti.e c.^be v. jre these air sections or layers 
absent. I have also diccoverod tiiat un, jr Xi.o a^cve jaontionod 
conditions, the compressed air will not et^ca'oe t/.rcu-'-n t:.e v._- 
ter cvi^rlyinr; it, and also tuat ti:e ^.^it 'r overlyin ' the com- 
prebse.^ air will not fall b^ c'- throu>jh the unJ. 3rlyin£ air v.^.ile 
both c.re in upward motion, but fii.d t....t t..e el<:^bticity stored 
in tae co.npreSbed air layer, preSLin^" tili]:e in all cirjctions, 
fcr.:;s a te^]-oro.ry ;.ater-ti£-ht piston, \. .icii lifts the v ^: .^r ^^bove 
it to its /"iacil ci^ch^rfe witi.oi.t arpreoit^ble loss by laaht.po 
or sc-called '*clip", v:.ilj this co::: rjs^eu air piston, aft^^r 
h^-vinr GX^e.^: ji"' its ei'^c^tic eaer-py in v.orh of liitia; vatjr, 
is diL.^ello^" v.ith only a rc-^cticlly u.ii.'..port...it lobs of peer," 
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xiAii ti.eory is not bulD^>tuntii.ted b^ t^e t,:it'LioTi^. It 
is beliG\^oC, o-nd tLo e::periLieutb parfcr-iod Ly the ouliiors 
aai ot~uv')r6 tend to luOw t;.d ti.oro ib "slipr-a^^e^, t;nd tnat 
though tniro Li^j be successive le^yors oL" t^ir a..c v.^^tjr, ti.e 
bucLet 01 ^ i.t .r is in reality a mixture of jine bubbles of 
uir tj.:id \.uter, 

l^k^iiY oti^or pate.itb Lave be 3n tuV.^a on ulv lixt pui^ps, 
but they ure too uiLuerouj to rneution, 

Tl.e rrincipl e of t; .e Air Lift pv/ip . 

Just ezactl;/ v;hut Auction f^'oes oa in t^n uir lift pump 
is not thoroughly linovn. In tixe opinion of t..e authors, the 
uLction dlii^ers cousiuorably und'^r the Vc^rious conoitions of 
operation. T-.e bat.ic pri.iciple on v.i^ijii t:.e pui.ip opir^-tes 
is, hov.ever, coi^paratively simple. 

A v^ry rood illustration of the pri/.jijlo of the £.ir 
li^'^t pTunp ib ,^^iven in "B;'llotin of tr.e Univcjrbity of '.Vis- 
Goaiiin, ii:if iaoorinr ^^cries, Volu..'e 6, iJumber 7.^ Tie illub> 
Iralipn and ex;;; lariat ion hollov. : 

First, conLif r ^ v^rti^-. 1 pipe, opiu at both cCl a:.Q 

partly ii^iinerbOu i/x a li.^uia, ^s bho\ ii in Fi^. 1{^). Ih.o li- 

ouid v.ill Lt'^nd at t"..e ta-.e hc-i^-At i.i^i«\e a x outsic :■ of the 

pipe. ^sciL.:o th.t a blcch oT _o.tnri:.l, lire corh or \ooc:, 

lirhter th..n t:,c li^vid, in^.c 3 to fit t..o pipe sru^'ly, but 

cble to ...ove \l'ho;t friction, ie .r-.:. i to i.rl^. - ^ ^rt of 

the li-^^^io neu.r th*:i bottou of 1 .3 pi]'*^. -hr: hyCro^tatic 

pressure en l..^ u_'^ r .ri-:? cf thi block if no', ^r^^t-^r 

thba tho jc i./oi jLficl \.eirht cr'' t:.e blC'^r. '.^:d i .o li.^ul'" hi'Ove 
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it. T:.e ulou] ^.,io t.-e li^iiic i:: ti.e liyo \.ill, l.crj.'ore, be 
puL:.ed up in tLe pipe, ub sLo\..i i.i ?ij. 1(b), until ^ :,e h.^^o 
h biilances the dii'^i'^roace belv.eo:. t:.o v.eir:i:t cT ILo blojL uad 
tho v.ein.t of ua eciiit.1 vclu-je cf t .e lic^uia. IT acrj Lloo'is 
of t/.e lip-ht .solirl inutter bo lutroir-oed iuto t-.a pipo, tl.G 
li.j^uifi V. ill bo i\.ibed t. ci;,t....Ge h for e^ol: blOv.1. uatil i'l.e 
top of t:.8 pip3 i£ roaCjLod, v. leii a^a cv^rflov. of 5-i^^i^ ^--^'^ 
bloclrs V ill occi^r, iG-^vir.^ ^a unbul.,/iO -d hsud in tl.e pipe, 
v.hioh \ cvild koe; ui^ t.e c it oj....r -c oS Icn^^ us t;.e -"'-pply of 
liq^uid t^.id blocl'S ;vub kept up at t^.e botto^u of t.:o pipe. In 
tl:e loiile £.ir lift s^^stem, tl.e clc.i:n is raL.de ti.ct t^.e puup 
v.or\s as described ulovo, \.itl: tjie excej^ticn t:.^t cc:npros£ed 
ciir is uteC instead of a lirht solid, and tz.at v.crk is done 
by the o>:po.nsion of the air ac it is relieved of tl.e v-ei^^'ht 
of t'.e li.^uid v.hen ap;^:ro^ehin3 the top of t.'.e pipe* 

*i clober ap;:ro:'.i^ation is .iiuds to ViS^.^al vcrhin^; con i- 
tions in wa air li'tpuap by tha illustrction in Fi£j. l(o)# 
In thiy c^se the blocli of 1-ight lav^torial, cork, \.oo: , or air 
does not entirely fjll the cross-section of ti.e pipe. Sy 
virtue of its buoyancy, it v.ill tend to lise in the pipe and 
the liquid in ti e pipe-v.ill tend to flov; do\.n p<^£t it. Tne 
Leig'ht h, to v.iiich the ;.^t?r ri^e^ in t .0 pip3 in ti.is c^se, 
repr-^sents the head necoLL^ry to force t^.o li^^uid Co\.a t..ro;-^-h 
t..e restricted ij.:iic.uie-\:c.y p^ct t;:e blocl:. T..j wu::e ccnCi- 
tions V ould obtain if t^e tingle bloch' nec^rly -tilling t:.e 
pipe V ere ro^ locjod by ^ lui:;3 nr^abDr o, s ;.all Llool... It 
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v-ould re:ii:ir3 JSOuie hec.d h to ov3voo.:io t..o r.^bi^t^iioe uf- 
.'orau tc t .e li.^-uio ia it^ flcv. boi^een t .e l.,.o.11 blooj s 
or "betv.ejii l:-0 uloc^.b u^.d t.-e pipe ^.ull8• If u Luliicie/it 
y.^u.:tity of ti.ri^ll blocl.b or t;.ir or otl.er li^ht ;-*utjriul 
tire insirt'^u, t:.o hoi^d h v. ill rec^cli ti.e top ol" t:.3 j-ipe, 
t.!iG 'y.ill cu;;t:e t Lisci.c-r -o of t.-? li^uiu. l\.e -low Ox 
t:-e liquid do\.n p^bt ti^e uv.oytat ...c^tarioil i- o^lled tj.e 
slip of t:-j Tu::.p, It ib ti.e Ct^ute of t^ coxiSidexc^Lle losb 
of ener£-y. 

A ooji-.ouly accept^u t:_ecry of ti.o ^-rinoipls o' oper- 
ation of tiie air lift piui;p jio.y be h^c by ccasidjring; that 
t].e air bubbles, in rising* ti.roii^^h tiie ;.atji in t..e dis- 
chctr^'o pipe, reduce t.^e s- jciiic rr^vity of t:.e miiitv^ra and 
ti.erefore tna v.ei^'ht of t:..^ coluian, cd-sin^^ an unbalanced 
condition betveeri the column inside aud outsice of the tube, 
xi.3 exces.. pressure at Iho bo.s.-j of t^.e col. run ditO to tr.s 
e7.t3r._l vator pressure, there. or?, crcj^j t:.o ;ai:^M're dove 
t .3 u;*^ply 1 val aad oi:t of t'.-3 top of t:.3 pip3. ^:.is excess 
\.rcbs\.r3 incrjt.ses v.ith the le th i' siib.., jr-jonce of the pipe, 
and ti.o lattjr iir*.,t be ro^-ulaloc to bi:it 1 i.^i heir:.t cl de- 
livery. 

T'.eory of ti.e ^ir Lift . 

ii^j-iijrous att?...pt i.av i be^n :;.ti'3 to evelop :a.t:_eaA- 
ic£.l 1..3cri3S of t:.3 air liit pu^p , but viti.orit ^atis^.c- 
tory re.i-liL. Z\.^^ ^ io i.o ..i.i^lB co...iljt.^ t.:;C-y ;.-ijh is 
entirely tatis, uctcry. l-.i.-c^Vo i..ib ib I'ue to tho ...t li:.t 
it is alJ.ost i:Li,CoSible to : 3ri"3 truly i.cour,\-: • ...i^lae 
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8 
ex:-'r.L.biri5 t:.e uix lilt t:.eory, "booci t3 o." t..j r..o.iiy un- 
co .ilrGll6.ble v^rit^bles jut v-it-.. Viiiut are i.rcbuLly ti.o 
"Last tLeories t:.us Tur uivt^uc 3d t^r-a t.^j^cj Ou proi'assor 
ilmo J. li:^r'-ib ia "Jomrrassou Air", ti, A Lr. :.. Lorenz in 
"ioittciift ciGS 73rei::os j^iittohc^r Injonieure, " Vol, iH. 

Tjie t/.eorieii of tnose tv.o ruen v. ill ue jrieily pre- 
t'enteci in tLe .cilov.in:^' vuri.^;vLi^ui6^u:i^ tl.oories of u fev. 
otii-era v.ill be .na.-tionec 6.8 u rn:' cr-jnco, 

Lo^rris's Ti.eor^-.- irrol^yLor ].^rris muoo u iiunuer 
of exp ji'ii:.ents on t .e uix lift v.itii t' e purpose o£ obtain- 
ing a rt^tional loruula by v.Iiich a u:*.p v.cvld be de£iP*nad 
intelligeatly, ana <in v.:.ich experiment v-oulc be bu&.^d. 
His discjiission of t:.e fubj-^et '..c.b puolibi.od in V\c Journal 
of t:.e ?r:^nl:lin Inbtilute, Vol. 140, pa^e ok, July, 1895. 
Latar, in hi^ book on cOhipressed air, publibii^o in 1910, 
Proiessor K:^rri^ modiiied his original ti.eory. 

In dr^T.-in'-^ his fc rTiUlas icr t:.e C^tz^i^a of a puinp, 
the V. ork cone by ti.e air is dividt^^d into four v^^rts by 
Processor Harris, us follov^s: 

(1) Ti^e kinetic energy in ti.e IL^vid t. ii:^c....r ;ed at 
the top of the pip-- 

(L) Tr.e eri3r£-y njceci.ury to r^ice l.^o li^uia to the 
top o:" t..5 Jiiocharre lipe. 

(3) T:.3 ea..rj^y lobt by t..e liquid slippin.; do\.n by 
the bubbles, 

(4) T:-e -3:. :;r.y coriLU..ioc by iriction i.. pushing- 
t..rou£-h t:.e piP'^* 
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Tlxooretioul expressions may be found for e'-;Ch of tl.e 
ubove quuatitiav.. Ti.e equation for slip is inuaL too couiplicated 
for use in generod practice, so an ap^ro>i.n:.te foruiulti based 
on a nuinbor of assuinptions aay be derived. In t.ie fourth 
term, tr.o value of t:.e friction factor is assujnod, aS is tLe 
relation of loss to velocity. It is impossible to verify tLe 
correctness 0.1' t^.e individual t .r.«s :ror losses by ex;eria3n- 
tal means, because ti:e looses due to slip and friction could 
not be a.scortv.ined unJ^er v^orliing conditions, uud since the 
for.nulas are very co*'riplicat .d and 6iJ:"ficult to use, lh3y 
v.ill not be ffiven here, but can be fcund in tiio references 
p;iv3n cbove, 

Loronz's Theory.- A vary g:ood cimple math3:nc.tical 
theory of trie action of the o.ir lift pump v, as p* blibr.ed by 
Dr. H. Lorenz in "Zeitscririf t des Voreines Leutccher In- 
fenieure7 Vol. 53, pa";e 545, Ai-ril, 1909. Ee deduc:;d a 
nUiT.bar of formixlae v.iiich take o.ccou:;t of t:.e losses of Oii- 
erg-y occasioned by slip, pipe frictions, etc., and being 
comparatively simple, they are t.^ereicr^ of practical use 
in cesicTninj air lift piimps, provide^" the e>:p jvimontal co- 
efficients are hnov;n. Dr. Lrcenz did not tahe account of 
all losses, however, i^uch as elbov. or bend losse^, v.hicri 
--generally fcr.u t.,e upp ;r 3ag of ti^e di..char j pipe. In the 
V.isconsin experiiLontv., the for:..ulaS of 2r. lorenz h^ve beon 
modified to take account of losses due to elbows and bends. 
In computing experimental values of ti.e ccef f ici :;:it 0: pipe 
friction and t-lip, a \2T.u has been introuU^ad to cori -ct 
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for ti.9 loss of jrior^y due to ftiction in t^.e uir pipe. 

^uertiOii's Ti.eory,- A rat:.er Liiiipla theory of the 
t-ir li:::'t p"iLiip v.i^s puolisiuc! "by Llr. Kobert L# x^iclarson in 
Bulletin Ho. 'Co of t: e Ludbon Jii^ii'^e^i^inc Co-.p^^y in 190£. 
llr. A^iuorson uo^xuued st^^tic cone itionii. in developing thia 
theory. Under those o.Si3Uiuption^, the pr.^ijLure at ti.e t.ir 
inlet due to the depth of LubiL^x. eace is e^uul to thixt 
produced by t.^e ini:jLtui^e of iiir and v»utor in the jcuction 
pipe. The len£^th oi eduction pipe reciuired to rive t. 
pressure equul to thut due to ti.o si;bm3i .-enoe is usjd l.s a 
Tinans for co:npulin>j the lift. Tx.is l-Ju^ti. is inversely 
proportional to tr.e c^vert^re rencity of ti.e laixture. T. 
find ti.e latter -^ua^.tity, an expr^'Ssion is enveloped f jr 
giving the me.n volime of the air, v/hile expanding Ilo- 
theriL^^lly f^oai its volujae at the inljt to it 6 volu.ne at 
at.uosvhjric pressure. 

UndDr t..e av^:LU...ed concitions Tor c evoloping his 
ti.eorv. ii..dorson tahej no account for loss of heua, cue 
to entr^ace, pipe friction, slip, elbov. loss, ^tc, and 
a constant must be introduced to tahe c^re of t-.ese losses. 

Gibson's hh.eory.- In 1908, li.. h. Jibson lublished 
his tneory on t..e uir lilt pump in his li^drt^ulics ^..d Its 
^j] lications. " Eis ti.ocry is basec ^n thj sa.ii .u.idaa'':J:.tal 
principles as ^idnson's exceit th^t it is not conlined to 
static concitions. Lj:. siibson tahes account o! losses due 
to friction anC velocity at e:.it. 
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Sreenfs Theory*- Llr. Leonard I.:. G^reea published an 
article in the Ei^gineerin^ ana Llinin^r Jouriii.1 of August 7, 
1909, Volu:ne 88, pa:re £51, erxtitled, "jifficiency of the Air 
lift as a iiolution Pump." In this article he ciLcusses 
mathematically his t^ieory of t:.e air liit pvunp. He discus- 
ses and rives icr^ulae for the amount of air re^uirea, min- 
imum air pressure, efficiency of ti.e air lift unuer g-iven 
conditions, etc. He makes one erroneous aSou:nption v.hen 
he says ti.at the v. ater and air in the eduction pipe are in 
layers; the Iti-yers of v.ater being of equtil voluiie and the 
l6.y3rs of air being of equal weig-ht. He ht^i: v.crKoc out 
for:.iUlas for computirii:^ the ratio of tl*e vo1u:l3 o! v.ater and 
free air in each l^^yer for g-iven conditions of lift and sub- 
merg-ence and for giving the number of ti.ese lay >r& or the volu:nes 
of \.atjr and air discharged. He has also made no provision 
for entrance loss or less at tne elbow at the top of tne dis- 
char^^^e pipe \.hich, in the opinion of the authors, is consider- 
able, probably over 10 per cent. 

By neglecting the above named losses, Jreeu obtains t}:e- 
oretical efficiencies of over 90 per cent, ai.d conduces that 
uncer proper conditions, the total combined afi'iciency of the 
compressor and lift should not be less ti:an 70 per cent, iix- 
r-rijifnts do not substantiate this opinion. 
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Uethod of Operation » 

A grouter ainount of air pressure ia regLuirocI to btotrt 
the opert.:ion of an air lift pump than is required for normal 
operating conditions, ^hen the air is .irt:>t sv.pplied for 
operating ti-o pump, the air prjSoure should "be g-rcc^ter than 
that due to t;.e pressure of the air inlet, v.liile after the 
diCGiio.r£:e of tlie liu^uid from tne pump has commenced, tne prjo- 
sure ^t ti-e air inlet must be reduced "by the amount of ti.e 
eatrcLiice and velocity hecrds of the li;.^ui:' entering t;.e educ- 
tion pipe. 

Vi'hen a sufficient number of bubbles of air have e.itored 
the eduction pipe to raise tne head tiirou:;h ti.e entire lift, 
some of the li^^uio v. ill be dijoixurj'ed over ti.e top of t/.e 
pipe. This loss of liquid in the pipe causes a reduction of 
pressure in the eduction pipe, v.hich at times and under cer- 
tain conditions dlov^s a sudden influx of the air due to its 
high pressure ,;...ich may cause an exceedingly grjat loss of air 
in the compresbed air tc.nk and result in larye losses. Fol- 
lov/ing ti.is, tiie liquid v.ill re^vi^in its full static hec^d, re- 
quiring the opjration to be started over ajo.in. 

Tne escape oi air into the eduction pipe Si.oulc be con- 
trolled to prevent ti.is intormitte.it Cf erection. The air si.ould 
be throttled the .zioment the li.^uid bej-ins to dibe:-^r;e. Pix^e 
friction has a tendency to pr^ve^.t t.^i^. inter^dtteut acticn, 
o.nd in long pipes of s.l^.11 crcSi:.-bection, it serves to some 
extent c^s a ^^cvernor. Thib -..^s lound very notiej^ule in the 
exiDeria.ents v ^rf ormed by the authors. 
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Advaratc.:r3S of the Air Lift Puaip > 

One of l-.e i-x'-iixcipul ^dv^iiitx'^eh o tLo i.ir liit 
pump is ill. C 3/3 jouDility ..ad •-"x-esuom from "bre^.IiL own. T:.e 
only parts thut re:^iairo i^ttoiiticn ure ±1.3 o-cmprjssor i^xid 
tLe receiver, uac. tii-sy fc.re easily tuhen Ci^rj of ^ lu rj^.^ireu 
bjcdise t^.^y ure lojfc.t .d o.bovs g-round. As a Praoral rule, 
tiiere is t.a e::i3r oiuy co...presoor , so that it cua c.l..io;::t be 
statod tho.t twj pumps need njv.rr "be ;,i.ut oG\.n, T..ere c.re 
no moving: parts in t..e v.oll to ^jt out o: ordv;r, Lnd t::9 
life of the piuip is ulmcst in^o'inite. 

In tl-9 coii^^on type., or Ltoi^uij-uctin - pu.;*p, tl.e v.orkinc 
burrels, buckets, uai. plrnrers are a conbtL.^t source of 
trouble and annoyt.nce* They di^o interfere v.ith the iree laove- 
::ient of the T,u.ter, v.hile in the air lift puiiip thjie are no 
tees, beiiwS, or valves, anc ti.e full aroa oi the punp is 
^Vailc^ole. T:.is is a consideiable adVc.nto.rr3. 

Under propjr cone it ions, an cir lift puiiip v. ill uis- 
char';3 more liquid from a well of s ..all bor3 Ihc^n v.ill any 
otrier t:rpe of y.u.Tip m.^de. T;.e .^uu.xtity ti.tit c^u be di^char£jd 
by c-n air lift pump is only limited by the capacity of ti.e 
v/all and the e>.poai.e cf pumping at unreaSono^Lly hi^h rb.t.s» 

Another cictinct ^cYunttx-je of the air lift pump is 
its lov. ^aintena.ice cost. B?caut.3 cf its s mplicity, the 
cost ov m^intonL^nce is lov. The :\-ct :::..t i.j^e c^. 3 no mov- 
in;3 parts in th3 v,j11 mc^kes t._o pump espaciu ly L.vit*rd lor 
hc-n'ling; dirty or /ritty v, c^t .* ^, cr j.j^c^ivt li^ui'^. Loch- 
anicd pu.T.ps suffer rom fine ^c-/J. in v.^t -i , v...ich cvIl l^.e 

po..-::in-:, plun^3-s, ...d valves., an: make:. - ^^ ^^ h^fet^LeSfeyGoOglc 
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nacessttry. To re;^-air ijuoi. pUL^ps l.-julI'j tev:ivl Ja^'S o:" b.-ut- 
down with its e>.p.3nce uul loss o i' time. Tno liy^uict. of u cor- 
rosive n^tux'e may to i;U:ap:^d Ly tLo c-ir lilt pui.p boc^. se t::e 
puiap a.iQ t.x;-aro.tue ct,a Le rei^ltijoo ut tt b.io.11 excjuse t.ad 
loss of tiino. ?Le ciir lift v<ump hue al.^0 beea used l.s a 
Credf^e pump v.itl: success. 

T^*e uir li\t pum cua be used to coiiLid :x .^::le uuVc^n- 
la^e in plaJOo ;. 1.310 t'-e \.ells are soutt-jr^K over a coaLiuoi'- 
ablo O.J0-, or ^.^3 le.note fro.ii t .o po^^er Loubj. la u^in^' 
d-jop v.oll btea.n-driveu pumps, a pump mubt bo Iceat id t.t e^cri 
\.ell, c-iid con: id jruble Icbu in conJoas4;.tion occurs in trc*as- 
mittiii£; tl:e btoc^n tl/rc;;--Vx lonj pipos to t.:j ;fumps« l\.o ex- 
peiibG of b;;c?i u plunt is Froat because of t;io loss in steam 
uad ti.e att )..da.ioa required. In l.-e o.ir lift piL..p t..j tr.^.i&- 
mission loss is mucli loSo, a.iv^ the \.j11 m..y bj o o^^:^iod from 
ti.3 pov.or iioi:iso by valves, thus elimin^l in,?- cAienct^ace. 

Jluiob of :if:3r3uco te..iport.tureo cc^n ba r.c.ndl.;d to uiL" 
v^ntii£"e by the ^.ir lift pump in Co^oos v.. .ore ti.3 use of otiijr 
types 1* pumps v.oi;ld be prohibit oO* In t..e Cc*se o' iiumping 
a hot liquid, the uir cilscrus part of ti.e ht^c^t of the li.^uid, 
a.:d hence is incrocit^ed in volume, lo li.at ti.e Ci^o\.-,rr ^e of 
liquid for tr.e Scime exvonditure of iree air is greater v.ith 
hot thun vrith cold li.^uiLo. Jhis rjo^dts in a conbi: oxc^ble 
£''6.in in efficiency or tV.e pump. 

,i^o-ohor ''i.tinot udVc.utc.:j of t..o t.ir lift is t.-iration. 
Aeration is on ^ of the pri..oip^l mother s o. v^t.r p; . if i-c.tion. 
Free sulvhur ^'ub or i:.on c.ro olimin.-t d Tr^m v. ^tor Ly t:.o ^ir. 
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A pracipitute oi" iron foxM.j, \ hich settles upOii .tcidin^ a 
s:.ort tiina. TLo o.ir also oxidizeo otLor i.npuritieb in ti.e 
V. £s,t:-r c.ic; thus improvat; its 'Quality. 

Li Sucvantafes of tLo Air Lift ^-unip ^ 

lov. jif f icieucy.- The lov. effioloi.cy of the puinp is 
oTteu tho"U£;ht to be on.e of its t:3rious c isadvt-.nl c>^es» If, 
hcv.'.iver, t}.e entire plant is coiil ic 3x'oc. , t -o vl^ty c' ix'^lop^d 
coup ares very fciVcr.^L.ly •, iti. other r.eo;^' v.ell syste.^.s, 

Greet D'jpth o ' Lrubi-ner^feace.- The air li^'t pu^.p cauaot 
bo used ill a s^.c^llov veil or res.^rvoir exj^^t to raise the 
v;ater, or liquid, u. very s:i.all cist^aoe, ov.iur to the hirh 
ierceata::'e of t::e total length of th3 puup, v.::ich i^uct be 
Eubmor'-ed to '-ire ^ood ef f ijiexicies. 'JaiL : act lii:.its t:.e 
field of the air lift pump principally to deep v.ell pui:.pinj. 

Limitt^^d Eorizoatal Pumping.- Several pl^nt^ h^vj been 
instdled v.h:re the air lift v.as used to puup v-a- r a consid- 
erable horizontal r^ictance after it haa oeeii raised to 1...e 
sr4rfaoe of the yr^un:". , bat ^uch plants c^re no" ef/ioi3nt. 
Tl.e ^ir in p^s^inj t/.rcuyh the horizontd or ov^ .. c.n in^lin <^. 
pii^e, is not lihely to bo evenly ^' istribui d t.-roi;yhovt the 
croso-section of ' .-o pipe, but is lihely to pass dong unCer 
the upper sicho, dlov/in^ a larye space in t.'.e lover ^-rtion 
of the pipo for tl.e \..:er to slip b..c]: p.:.t t..c bu"-ti3, in 
a horizontal pipe, the .^ir c^miot _^h • i-l.- o.: it^ oboy^nt 
effort to aid in , i:.jh..r£-inr the v/ater an«^ ov rcc^iny I'ric- 
tion, or ito e.-^.an^ivo force \..-ioh h^lps to overoo:.:e pive 
friction cai^nct cj . ^c 3 Uoo o. ^.f ii^tiv:;ly. 
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-ieretion*- ^ert^tion, althou£;h genor^lly consiocred an 
advt.ntLi£;3, Is, tinder some conditions, l disudvc^nt. re* It pro- 
motes r-ustia^ uiiu corxCOLj^uent destruction o i" ti.3 oduciioa pipe. 

g oncli:£iorig L ecucor fro.n uorl: ^ Iro^d y xorfor 1:00 ca li>3 air- 
lift r-Uiup c.t t\e rciverbity oT V;iLccx:Cin, 190c -09 • 

(1) The cj/itro.1 ^ir tube pu^ip l:-b ti.a ^ro^tOL^t t-.ecroti- 
cal capacity for u .;iv3ii size 0; v*oll* 

(I) T'le coefficiOiit o7 pipe fricticn t.i;d slip cecrec.be 
ts ti.o Jioch^rT-e incre^^.e^:, ^ur. decre.,.-e c-^j the r^tio of voliL^e 
of uir to vclUi.io of v. ator i icreat.os. 

(6) The coefficioat o.'' pipe friction t.nc slip vurios v.it:: 
the loii^'th of pu.:ip, "but £ee:ns to "be invj Oj^.-j 'i^ o.it of t\e p--^r- 
cont.^je c" subinerg-ence ^nd of the lift. 

(4) The len^-th of pu:::p, the v 3 .^c 3n^c.;;o of sutLicrrence 
^a' ■* i.orof CI": t-.e lift r3.j.^inin^; con^.t^.it, Ihore is u •""'-'fiaite 
^iUuntity of ^ir ci^using: the .iiLXirnuin di:.cjhur3e. This L[u^ntity 
o" t.ir -^or m.^^xi^ua C i .:ohc.r,"e , t.s ^Iso tr.e r tic 0;" volu-..e of 
air to volume of Vu-t^r, cifiort.* for difier^^t percent ...^es of 
sut'/ierjeuce o..id lift, the lonrth of t.-e ^i^^p re.., .ininj constant. 

[l] The lonfftli of pu^p re...i.inii:^ jonstu^t, t:-e Lio>:i..:usi 
outpiit occurs ut o^hov't the e.^.::^ prTC-^nt^ge of out.^or ^e/ice for 
£,11 r^t:s 0:' w.ir ocnsuaption, being fron CI to £5 per cent for 
t^:e pu-::p used in the -.'isconsiu e:.V' jriincnto. ^t ch. -v ^ub.n.;r/"- 
ences tr.e cutout vt^rico ciS th-j ordlnciio of u x-^i'^bolu h^via^; 
u vertic^-.! uxis. Un \r t>.'.^L:e cC''itiuu.. , ^:.^. liVt ■ d s not 
le.ii.in oouo' ^**t .s \ ue suL.^.er "Oi.ce "c^rlLS. 
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(6) The I'jnjth of pu-ii^. t,.id i-orccat^^---^ o '' bu"b^,^r^"once 
re.ii-..inin^'r uonbtc^at, i :i\ t:.iro ere cca^l^^.t liit, 1:.^^ .^Tii- 
ciGi.cy lucre sec j^l f'.'". input recre-u'^e^., - ll.;.t i^\ t-.e 
hifh.^..t elTLcie.:c^. .-3 r^'5:-(: i.t t:.o lov.t;St rutju of 
iu:;.pin£-. 

(7) 3/ Vb.ryin/^ tLo p:^rc3nt..f3 c '^ subci^r; '?nce, and 
t\-r--"c-ro 1:3 lift, t .0 lex.jt:. cf pipj r.'.:_inin5 cou..lu/it, 
ti.e Uv^li'i-um officioiioy is obtj.i.ieu at c.;f:^rGxl: lately 65 x^r 
c :jut bub:u^r*'o:iee :"or l11 rc-tes cf inrut or di:ci.^rj-3. 

(6) 1\.3 lift ro^.^ciiiin- conbt^iit, t.ie r^f^icieiuy in- 
crei.cej uS t:. 3 p^rcentcj-e o r Lut ;::r jonco ii.oie'^tes lor ull 
r^xt::.. c ' in.ut unC. ^.11 pr^.otijal i:orce..tu^G:,^ c ''" :vq. r o.ioG. 

(2j iiiti. t;.e Lw...:e eize c..iJ- t^.^^e ol pu.up, tho r^-.o-^at- 
t^o 0- fcub:;i?r;--jii'je r 3.:..iiiin2* concti..it, I. .3 ".rfijiCiioy in- 
cr^ciLes as tho lift inoreuees for ^..^ L.-n^^ll liitb c>.^ cri- 
jieatOu 0:1, - til t i.^, ^:p to Lcout 24 foet. Pro.u u t]-3c:-- 
otical r,tu.*y, ho\.ev3r, tr.e iaJ.ijutionb -^i 3 t\'^t ^ point 
will be To^S.ied ^'ro.n v..:ic:; 1 .e effioie..cy \.ill d3crec.LG ^'c 
t\e ll'"t ia'jr3..£3b. 

(10) Otiier coaMtion^ r.-.^inin^ co..cto...t, t:. .1 : its no 
t'-dvuntL^^'e to be ^c^ined by i..tro6iiOi..~ co^jro^iL^cu .^ir ^.i ove 
the surf^c^ 0- t:-e v. ^tsr ia Vie v-ell. 

(11) TLe typ,^ of foot-pioo3 hii. very little -:,\:^t 

on tl.e :f' iji3.ijy '* t\3 : v.r;^ , re Icny Uv. the air ir in- 

trocuce'" in ^n 3ff3c;ient :r..nnjr c./^ t- =i ^11 cr' c-i'-i^ etionul 

area of the eCiiotion ripe is re.-.li::cr fcr ^.e ....t,,:^ e of rhe 

li^ui^. . ^..yti,i.;j in i;.: ci.ave 0*' c^ nc^-le \u i..«jr; v-3 ^h:^ 
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ill) A cliY3r:,'ir.2" cvtlst './iJoh ^.111 eo:iL;9rvo t\e Unclio 



Oonclitsicas l3ducec -frc,:: t"..-; .:..;'.'i-i;:.o.:i.i ; 


■^- I-..i-3 ^-.:- 


iu.;r^3r 


on the ^ir-Lift iiLnp ct Tus Univor.-.i-* v o-f 


.;!. ^c.ii-ii.. 


19:-0.- 



(1) Zi.e oV'Ject of t . ; rcot-j^ieoo io not to t::croi^:]:Lly 
mix tlie ulIt u.ir. Vc^tor, but r.^tLir to rriviio u b;:ito.l:lo en- 
tr^:i3j I'cr e<^Cii into t..^ ^eviction pipe. 

(L) Zi.e effici?i37 is not ::.^-1 • ri^lly c;iil*'a-:_t for elc.b- 
or^te vo..ti;ri or otlier i j..:2'j ^^esi^^ned i'cot-"i8oj tl-.-.n v it], t:.-. 
plain slctooc" t^nzo of foot-piece vnzcL in their e::;^ orfaants. 

{Z^) 2h'3 lon^t>: of pvi.,ip, t..e parcv-.iv^^e of sub /.or/ence, 
aucl lL3r -^cr3 t^e lift ra ...inin£: uon.:tcv.:t, t\j.o is a cjfin- 
ite (^Uc^iitity of tiir Ca.itSinf^ ti.e .:.o->:i.^u:]i :.i^wj_.rxa. ^uit .^Uv-.n- 
tit of air .cr in.xiii^ua civsc^r^'o , t*c c,1l:o tiu r:.tic o, vcl^.^.e 
of t.ir to to1u.j3 0'" ; c.t?r, j^'ifiert, fcr '-'if or^^.it p jr-^e.-.tov^es 
of fcub ii'jr 'once una lift, the leu;^'tL of tl^e pu<iip re.,. fining the 

(4) By ve^ryinj t::o porcontui-? of Lub-^orjeiui ^al there- 
fore ti_G lift, the l.ij^'th of pu:jp r j....'.inin£: conGt^nt, th3 .-Lo.::- 
imuin efficiency 11. cbtain^C bet; eon 70 fc.ni 60 per co t. The 
Eub^nrrrence for na^yiuujn efficiency i.-orcses vith t:.e cice of 
pipe, uS t\\uVu by tho fcllov.i..'^ ^vlues: 70 p^^r c. t ;^ub.j':r^.jace 
for the l-g-" pipe, 75 i vr cjnt for th.. £^" pipe, cnC 60 p3r c .nt 
for t.x3 3^ pipe* 
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(L) "ZLe lift rj^c-inia;: co..otcj.iit , tho eificiency iii- 
cre^bes t.'^ ILo ]:ercanto.2^e of sub.nor eiice ixiurot^ues up to 70 
ror ceut, 

(6) 2i.e l^r^'or t'.a size of luuip for u ; ivin lonrth 
0"" oii^otion pipo, tl.o c-ou'lor i-.o rci-*:'e o / oi'iijiwaj Cc.pt.o- 
Ity, us is indijitsvi by t:-a flutter pe^a. of t .e jTlioie^icy 
curv3* 

(7) l'i*e ^roo-t'^r t..3 p;r ceat of cubujr/enco for u 
,3ivoa length of euuotion pipe, ti.e greater ti.e rua^^^e of ef- 
f ioieiic capacity. 

(8) xLg c,i;<j..:tity of Wcit-.r puiapjo per ^L^u.-re foot of 
pipe c^rec^ ^t :a;>.::ii:iuui efficiency for u ^ ivea subner^-ence is 
the Sa.ue for the clt t.ncl 3-inch eauotioa pipe, but is tibout 
£0 p ;rceat less for the l^r-inch pipe. iio\.evei, aii iaforence 
miP-ht be drc.v,a tLut ths 3fficienc ro.te of :lov.' per s^uure 
foot of pipe urec* will be c.;,'::rc::i.:.utely the £.-...e for larger 
sizes of pipe ti.un hi^ve been used in tliese e:-:;\;ri.^eati;. To 
find th«^ most efficient r^te of riov; for bi::,es of pipe co^in- 
V ithia the r^.ire of the curves plotter: , rnr.ltiply t:.e uctuul 
ureu of t.-o pip^ in ec^uure f 3et uy t.-c vdue of x ^^^^ 't'-e 
viYJxi subin r^eace» 
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Object of Tliece axperlments ^-* 

x\-a ii::i:ortiixico of l^.e o.ir lift puup in the co.Xierciul 
unC infiustriul v.orld, tiie £:ret.t sce^rcity of litoruture t.nd 
in'^ormution on tLe subject, .La cifficjulty turrounuing 

itb^ ti^eoretical and mc.ti:3.<:utical d^^lvbis, t,nd 1 i.o £;re^t ci- 
voxbity of re^ultL ht.s lao to t..3 btufy of t.-o c^ir lift puinp* 

The fcllov. in*? exi-eriuient :. v. or 3 Uiii^i-^tc.'r en prijiurily to 
retormiae tne off^jct of Vc^riouc lonrths 0: pipe on t::o per- 
for^ic.ioG of \'i\Q t.ir lift pump, --.nu eac.ncly to vjriiy so..:3 
of the conolijsions t-)c^(j'uqc in previous e:>:r3ri.uoats on the 
air lift pump ut The University of Miscon;jin, \.i.on the con- 
6ition3 of operation v.ere ob net.rly pr..ctioul in re.'^c.rd to 
size of pipe t.ud lift c.s t:.e Idoorutory fertilities offered. 
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CLuPTiin II 
paaCRIPTIOM 01 APPARATUS 

Definition of Ter>^s >- 

Tii3 not£.tiorxS und symbols us^c in tue f . llowino .iJci'S- 
Bions ure £:iven belov;. 

"^lo^^vling" is ti.e Ijimi use J to 3si:^ao.te a e.iafle value 
obtt-ined by t^ie iaspection oi t..e c:ct.lo of t^u instx\ ^'^rit. 

"itun" is useC to det-igncitc i^uoii c co^bii'.uticn of roua- 
ings, uiu^3 under prc-ctict.lly coastu.it cio.icitioiiL, c*o to .or.:; 
a cc:..plote unit in tl:e robult. 

"wji'ies** is uteci to ^e^^ign^te t.-cse :.uns n^L^ v. ith Vc.r/- 
ing Toteii of puupin^r, "but v.itL the s:^...e size o: oduution pipe 
6.S r-'3.;^rcs lenjth c^jil ci^.iet::;r, uxid t..e 'c^..q type of fcot piece, 

'•percent a;'e ^submergence'' is t..e ratio of t..e fi^tance 
the Veil or level is t^uove t..e point oi air adj.ittance to t:.e 
Cibtc*nce ti.e center cf t^^e di^C:^ar^e olbov; io a^uve t,.e <,a..*e 
point • 

"Jduction ripe" is t:.e pipe t/.rou.-^h A.i.ijii t..D .liixture 
of air and Water flov.s. 

""Lift" ic t.-e ditt<^nce frOi.i tLe '..ct r level in t;.e \.ell 
to tl.e center of t:.e Jiscl.^r.e :;lLov.. 

"Foot i'iece" is t.^^t pc-^rt of t..^ : tiJip in ;.nion t-.e b.ir 
tnd v.ater are ad.iiitt3:. to t .e ecuction lip^. 

^'.jlotted 7oot Piece" ic t..^t p^rtici-lar ;, e^i:-n of foot 
pieC3 shv wn in Si^. c. 

''uiii.ple i'oot irieoti" is ti.at p^rticul n* -"j.ign of fcct 

pi30e si.ail.r to rig. ^, e:.c pt no slot, ver'; gj^i^teJ^b^QoOQlc 
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Fcot-ri ::ue *- 

1,;. nu 't;.otur3rs oi air-lift pumps i.^^ve int^ce .^"uite a bit of 
cltLim to t:.e udvuiitti^je j of elaboruto types of '/jot-pieoo "'or 
i.ir lift piLiips. TL^y clai.n tLut rro^ter ef f ijie/iCies aro ob- 
tained by ti.e use of jobtly lcct-pi3jcs. It v.^s b-jliavoc by 
ii.aay tix^t tiiesa cl..i:j:s v. or'j un'^cuur. id, and to corroborate t..eir 
stc.t3iuo..ts , numjroiib ex;;; jri^nixits wore made v.itL diffc^reat 
types of foot-piece, lan^e and lujraer rerfor.ned exp .-rii.ieats 
on sovoral typeo , anc found tl.at t':-o t/rpe of I'^ot-piece h^d 
little to v.ith ti:e .}f'<icieacy oC t/.e pu:ap« T.-oir ex;; 'jri::: ,'at 
folic. s: 

"Before hitflrinr the a..ove S'.;ries O"' runo, it T.ac:' tixu^nt 
cxdviSciole to verify conclusion iio. 11 previously deduceo from 
expori,::ent s on tLe air lift p\i:i:p at tne Univ3r;:>ity of V. i^-con- 
sin, na... -;ly, tn^t tLe t;"pe of foot-piece nas very little ef- 
fect on t:.e efficiency of tLe puijp, providing t/^ore is no 
preat friction loss by forcing* ti.e air ti-rLi;fh su.all cpjnin^-s 
in the fcct-piece. Frcoi a s.^cill ^'las^ moael of ti.e air lift 
pump er^cteo in t;.e laboratory, it v.as seen t..at no u^tter 
hov, ti:orou2*hly the ttir v.as :nixed v.ith t:.e vt.tjr at the foct- 
piece, t .9 air iini^ediately roao ;'i)sted itsall dUer lec-.ving* 
tiie foot-pi :ce. Ih.is ten^o to shcv. t .^t t:.j CDJ3ct of t^e 
foot-piece siiouli not be to thorcuf-i.ly mix the air and ;.at:.r, 
but to o.d.nit t:.e air to t:.3 :cuction ^ipe '..ith i he leaJt loss 
due to friction. 

"a s.^riuo of iu:.s v.e^'j .:.^^ e at t: e Cu^itol heuti.tt ilaiit 
on a 2j-incli eduction pipa, usiii.; the v^..turi 'c t-jlece \ith 
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the fc.ir line connected uiroctly to ti.e foot-ploce. " (The foot- 
piece is Si.ov.n in Fi^^ure £ uacl t..e ret>ults in Fig-ure 4 of tueir 
theeis.) "T^ie uir line to t:.e Tjot-piGce v. -^r tu^a ditjoaiuct^id 
tvt t -0 fli^nje of t:.3 \.ell cu'^iap;. T^.a bjrioc of runt. t^J'^n un- 
der ti.ese ccauitioas vuij \.ith tj.e i-^-inch eduction pipe is 
buov.u on t:.e duta t..oot. 'rha reLulls v.era jrri^tio uue to t/.e 
intoriQitteiit v, orVing- of t..e pump, v, r.icli :2t.C-3 t..o f^-^;es fluc- 
tuate frdc^tly. Unoor thetio conditions, it ;.-t. ii^posLiule to 
control tj.e a:.} uratus or to £ret a true reucinr ol' t..e .^^t^fes. 

"A S3rieb ox* runi::. v.c*b lqcJ ^ , u^inr tl.e cixple foot-pi 3je. 
In this fc:eri3S of rune, as in all tiie re ..cinin^- sorioo, the 
air line ey.tenJou only t..rcuvh the . I<^nr7e F (i'ijjure !)•'* 
(The ^>a-ne can be seen in Figure £ oi this tiiesis.) "Tne air 
anu V. cxtor eatarod to£*jixior ti^rou{:h t^.o uottom of ti.e foot- 
piece. 

"Kere t.rain, the v.orking* of t.*o : uinp v.as inttj. i/iittent , 
and the ap^.aratus could not be controlled, so tii3 soriss of 
runs V as abandoned. Fro:a t^e r^sultc of t:.e fev, runs tahen 
at 6t> per cent, subxner'-^once , the ; riters are of the opinion 
tnc.t the efficiency v.ould compare fuvcrably \ ith t:.3 other 
foot-pieoe u;^ed. 

"It v.as o-rjcidoc: to ^dox^t lo'j.3 f^.r. i of a si.uple fcct- 

pio'j 3 'v. :.i^:. o^ulc. be easily a..C c^uickly made, o.nd cgu1\ be 

ex.-.ctly reprocuce; v.ith ^ny size o^ lipe co.r^.:Only Uc-^c. TI:e 

type cecidoc upon v.as a foot-piecc jontuiainr eirr.t l/S-inch 

lonpfitudinal slots equally s ajed^rcun". t!.e ci^^.^jter of the 

pipe. The dotails of this foot-pi 3^ j a. a .hcv..: in Ylc. 5* 

Thic; type of foot-piece v, s i-^ec in the r :'.Tao.ininf t -rios cf 
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runs* The size of slots v.^^s xhe su*^e for ec-oh size of pipe 
used, having a total slotted ^reu of 9-1/2 square inches* 
Tx^e foot-piece for tlxC various sizes of pipe., v.oro aade by 
the \*ritirs froai ordinary pipin^, the slots being* cut in tne 
shops of the University of '.Wisconsin v. ith a l/8-inch saw 
milling: cutt-^r, Ti_e bottom of ti-.e fc ol-Tjiecoo v.ero leveled 
at a 4b de^-ree angle to reduce the oatranje loss o." ti.e 
Water. 

"A S'3rieii of runs WcS tuea made v. ith the slotted 
foot-piece. By comparing figures 4 and 6, it v.ill be iieen 
that ti.e moxiuum efiioijacy ol t:.e couplicated VeiitViri 
foot-piece and the simple slotted T ot-piece is cbout the 
Baue for tiie S6^..e subixierreace and length ol' edi^ution pipe, 
biit tiie Venturi foot-piece shov;;o so.nov;hat erratic reLul^s 
for low submer-eaces. Tiiis verified conclusion i;o. 11 pre- 
viously dedujed from 37:^>^ri'i^ijts at the University of '.lis- 
consin, aud wab the reason lor using the clotted foot*-piece 
on the various sizes of eduction pipes. 

"It was noted tnat with ti.e air ^nd water entaring 
tiie eduction pipe tnrough the s^^^ie opa.iing, the action Wc-S 
this: The \.^ter in i'ue v.ell casing- wojIc^ staud above the 
end Ol ti.e simple foot-vi^^e \.i:en tr.e pressure o the air 
in the \*ell casing was a miniminn. But cue to ti.e air pres- 
sure, v.ater alone would be loroec iato ti.e eduction pipe. 
Jrdidually the air pressure v.ould build up, levering t::e 
level of tr.e water in the veil casing u^'itil ti.e c/itire 
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inlet urea to t-.e iductioa pipe \.culd be expobed, v. "..en tLere 
woulvi be tt.: inrush of ttir into tl:e eduction pipe. This T;ould 
so lov;or tl.e uir preLSxire in the v.ell casing thi>.t ti. ^ level 
of the v;ut3r would rise u ^£*in to soins level t*oove the one of 
the ' duction pipe and the c.bove cycle of eiBtits v.ould be re- 
p-ruted. 

"In the cuse oi' ti.e slotted ioot-piece, trie cir pres- 
sure t^djicted itself to a practically oontjta::t pressure. Tne 
V, ater level in the v.ell casing stcod at t>uch a heiP'iit that a 
p^rt o.C the slotted ope.iing-s v.ere exposed to the air, allov.- 
ing enough air to escape tnrou^h the eduction pipe to keep 
the air pressure in the well c^tsinr uOx^stant. 

"After making the ser'es of ruiis at the Capitol Keat- 
ing Plant on t\e Z-^^lnoh eduction pipe, the ajraratus was 
moved to the hydraulics Laboratory at the University of '.Vis- 
consin. The apparatr<s v. as then set up the ca:ue as at the 
Capitol Eciating Plc;.nt, using l-;^--inch eduction pipe of the 
sa^uo lenptii, but with two exc3.:ticns. ^t ti.e Capitol heat- 
ing Plant the air v.^s supplied by c^n air coapressor to a 
Siiiall receiving tank, carrying a pres.'ure o:" about 90 pouncs 
per square inch, then through a fairly long air line to the 
pump. It was deemed c.dvis...blo to use a siTidll air tank whose 
volume WcS o^e cubic root iu ore or to iron cut a..y irrc-ular- 
itico •" air prescrro. ^t t:.o Lycr^ulico I^bo,.'c.t'..ry, t;.e 
air supply v.us ta^.jn t'irejtly fron. one of t..e l-^r, e storage 
tanlis of ti.e Universit,7 Pnoujaoitic rrcs^ure '. ..t-jn-or/s plc.nt. 

The Siuull w.ir tc.nk froa the Capitol hec^ting Pla:.t v, . ;^^^p^t 
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used, thereby Becuring t shorter air line from tne uir drum to 
the f lunge P (Figure 1)*^ 

The above discussion, taken from Lange and Puerner's 
thesis, proves conclusively tho.t the type of f cot-piece nas 
little to do v.ith the efficiency of tue pump. Consetiuently, 
the v.riters deemed it advist^ble to use the same simple slot- 
ted foot-piece used by Lange and Puerner for their experiments. 
The results obtained by Lange and Puerner uad the conclusions 
in regu.rd to the action of the air and v.cuter in the slotted 
foot-piece w^s verified by the writars. It v^as found that 
the w^ter level in the well \.culd so adjuot itself tnat port 
of the slotted area of tixe foot-piece v»'^s exjiosed under run- 
ning conditions, The area exposed varied only a few hundredths 
of a foot lor t:.e various lengths of pipe used c.nd the various 
submergences. 

The water was discharged from the elbow directly into 
the atmospher'3. All gorges were careiully tjsted end correc- 
tion curves made for tue s^i.ie bofore any runs \»era mude. 

V«ell Casing . - 

It wlis imprcLctictuble, if not impossible, to use an ac- 
tutil well, so the top of the well cusing wc^s cut off u short 
distt^nce ci.bove the loot-piece, <jlS snovn in Figure £. This 
prevented tne Water from risin,^ to its nor-aL.1 neight due to 
static pressure. 

In tne opinion of tue vritart;, this oepartizre from 
normul conditions did not effect tne results of tuese exper- 
iments in cuuy v,ay. "21X0 v.ell CciSin,-^ \.cxS mc^ae of ordinary 6- 
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inch piping with stundard fltuiges screv^ed on "both ends. Tiie 
detc^ils are shown in Figure 'c. 

Eduotion Pipe ,- 

It v/olS originally planned to make a series of runs on 
3-inch pipe of about 40, 80, 100, and ILO feet in lengtn. 
The time, however, that could be spent on the experiment, to- 
gether witix the time lost in setting up and tearing down the 
^Pi^aratus, which was very difficult, due to tne size ^aa v.eight 
of the apparatus and tne facilities on hand fur handling the 
same, limited the experiment to S7, 80, c.nd 100 feet of 5-inch 
pipe. Plange joints were used on the eduction pipe* 

Yifater Supply . - 

The Water supply v,o.s obtaiiied lro::i ti^e University mains 
by a l-J'-inch pipe connection. 2he supply of water v.as mee>s- 
ured by a calibrated Eersey Water Lleter before it entered the 
\\ell Casinr, and was controlled by tne V^lve Y (Figure k). 

Air bupply .- 

Tnere were several possible v.uys of supplying air, one 
from the storage tanks of tne University pneumatic water sup- 
ply plant, or by the use of a sep^x\.te compressor c^nd ta.ik. The 
former was decided upon, ana tne ^ir supply was dr^\.n ^rom one 
of the stora.o-e tanks of tne University pneumatic water supply 
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plant. The tt*.ak hc-d a, cupctGity of about ^000 cubic leet, a.ad 
the pressure v^b-s mttintained t.t about 90 pounds per square inch* 
A 3/4-inch pipe Vvc, s used to conduct the air from the ta,nk to 
the air drum. An automatic reducing Vc^lve v. as used to reduce 
the pressure to about 70 pounds per scuare inch* Tne a^aount 
of air entering the drum v;as controlled by valve Yg (Fig. 2). 
The pressure on the two sides of the orifice v*c.s held steady 
by means of a valve on the air line near tne foot-piece (V3, 
Pig. £). 

The teiiiperature of the air WaS measured by a therjiometer 
c.nd the pressure in the drum by a West gt.g'e, as shown in Fig. Z. 
A U-tube was used to measure the difference in pressure on the 
two sideb of the orifice. An Ainerican pressure gage v.cls used 
for measuring tne pressure of the air entering the well casing. 

The orifice plates were made of l/l6-inch sheet metal, 
and the diameter of tne orifice was measured to one thousanath 
of c.n inch. Orifices of .£81, .500, .707, 1.000, and 1.500 
inches were used. The coefficients of tne different orifices 
for various differences in pressure heads in incnes of water 
was tctken from curves drawn from data in harris' book on 
"Compressed Air," page 1^>0. 

The pressure gc-^es were all carefully Cc^librcted, and 
tne correction curves drawn. Correcjted values, taken irom 
these correction ciirves, ware used in all ooinput cations. 

In setting up the o.pparatUfa, all pipe connjctions were 
m^-de air-tight by tne use of white lead ciiia hec.vy oil. All 
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connections vvere tested for uir-tightness v.ith soup solution 
v^hile the ptimp v.as in operation una under mciXimum pressure 
before uny data were tu^ken. 

Llethod of Observing ^- 

The lollov«ing puge shows u copy of the complete ob- 
served data taken in the various runs, and sxiowb tne form in 
which Said dcita were taken: 
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I'wo men were required to teJie the dutu. One mun 
took the readings of the gt.ges while the other man recordod 
the data and made the few computations necessary at the time. 
When reowdings ^^ere practically constant, three ret^dings of 
e&ch instrument were taken over a pjriod of four minutes* 
Ifi'hen the experiment was first started, six minute runs were 
taken until both writers became thoroughly fainiliar with the 
reading and could do it quickly* The length of run was de- 
termined by the second hand of a watcn. ^he water U-tube 
readings were careiuily re^d to one-hundredth of an inch. 

In stu^rting the pujiip the air vdve Vg (Figure £) 
was always opened before turning on the water to prevent 
blowing of the water U-tube gage* 
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CliAPTJSR III 

iproa ''OOiiipressad Air," by Harris* 

A i:tc-ac'urd oriJice, tLo 6ix...e l.s is Bxeci.'iea for v»c.ter, 
t:iut is, til orifice in l thin plt^ce int^de v.itii Siicirr; ec^-es, v»t;.s 
uso5 for the ino>osur^* /:e:it of uir. A section of ^i^ch 4;.: orifice 
is eiiov.n in i^octicn A-B, ifi^^ure E. T^:e conditions siecified 
that tiie drop in pressure in passing through t:.e orifice suonld 
not exceed much more than 6 inches of v,L.tjr* V/ith ti.is re- 
striction, the ci.a^ny-e o '^ te ..^.e! <>.t\u^e and of doi.^ity of the <:^ir 
v.'hila passiiig tne orifice muy be nejlrcted v.ii;.out aiv^-^i^^l® 
error. 

h - heo.d of air of uniform density (v;) thi^t v.ould produce 

the pressure 1. 
i - pressure Yie<j.C as fcujid fro a the diif^renco o -"* the tv.o 

U-tube \':c.ler gage re..dings» 
w - weight of a cubic foot of air at presoure i'. 
i - absolute pressure in pounds per square inch of air a^ - 

prouching orific3. 
d - dia/iieter of orifice in inches* 
u - v/eight cf air passing jsr second. 
t - x^bsolute te.nporatur3 oi dir odtl'T. cri.ic'3 in degrees 

Faiirenheit* 
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C - ©xperiuental coefficient. 

r - ratio of expansion of air. 

I^ - atmospheric pr^iiSbure in pounds per sc^u^^re inch. 

2 - i53.67 

G - gallons of v;ater pinnped per minute. 

Y - vclujaa of free air in cubic feet per second, based on 
a pressura of 14.7 pounds per s«iUare inch and a temper- 
ature of 70^ Fahrenheit. 



ZjjvolopmQnt O a Form ulas Used 
weight of JLir Used in Pounds 

'iihen cuiiges of lempori.tv:re tma oi' density can be ne- 
glected, the tixecretical velocity through an orifice is: 

V equals |2gh 
h equals ^ ^y , therefore v equals f29 y|- ^^ 



But 'iV equals wav- , where a equals the area of t}.e orifice in 

d^ 

square feet, equals 4x1 44 



and ;•* et^uals 4 x 144 /^^1? ^^.4 w 
but w equals "^t^ 3 t therofcre 
u equals .16J9 i^]E" 

To tLis miizt be uppliad t:.e ei:p3ri.:.ei:.tt.l coef I'icieiit 



£ind 



•»V ecLU^ls .16^9 d*^C Y^. P 
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Fqt a .£81 inoh orifice «' ec[,-U!a.ls ,01£97 cli P 

I 

ffor a .500 inch orifice \i equals .041 c |^P 

L 

Por a .707 inch orifice \i ecjuals .08£ oV^ P 
iTor a 1.000 inch orifice Vi equals .164 o |4 P 
i?or a 1.500 inch orifice u equals .i>696 o j^ P 

::in^rgy in Air Sused on IbQtLer:i]o.l jix'js^nsion .- 

iinergy per £allon of v:ator puniped equals pv log ^r, 
equals ^ Rt i:,.30'6 log^QT, equals 
60 X 53.S7 X 498.6 x £.303 i l^Sio^ equals 
3,677,000 ^ logio^ 

t - 40^ F. 

Volume of Free x^ir Used .- 

M ^mi..TQ ''^'i^^ ^ i« £3.37 X 5£9.6 . ^. ... 

V equals -^ equals — 14^7x144 ^ ^' equals 1^.3c w 

Cubic feet of free air par fallen of v.ater equals -- ^ ^^ 

or 

T » 70^ F. P « 14.7 l"bs. per sq.in. 

Lethod of Coaiputing .- 

A Horsey \.<^tor autor x.hich L^d teen pravici^sly cal- 
ibrated :nea£ured t..e flov. of t'.e pu^p oefcra t:.o ^.c^ter en- 
tered ti:e well. 

A f:ruula devslopec iy J. h^-rric. in :A^ Look on 
"CG:npres.£ed iiir", tl.e co^'elcp^eut of v:.ic\. ib Li.o\.n under 
";:evelOTj.::ent of B'^cr^.ulu^" v.us used to cale^jlbxta t'ao ;..:i:j.t 
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of air used per second. 

The v.ator ^ti.^e reading sLov.ed the heig-ht the v.^ter would 
rise above tr.e pa^'e if under b.t.nosphjric pressure. As ti^e t^C^ 
v.as .2)71 Lelo?^ the center of tr.e slots i.i the foot-piece, this 
amount vvas subtracted f re a the v.ater pare readin,^ to get tne 
readinr of tl^e height the water would stand in an actual well 
above trie foot-piece. 

Tiio T.ater ga£^e reading minis .271 feet, divioed by the 
total length of pipe above t]:e foot-piece, gave ti.e submergence. 

The difference between the total length of pipe above 
ti^e foot-piece aad the height to which ti.e water would rise in 
an open well givet^ the v elivery head. 

The ratio of expansion of tiie air in ti.e pump wab fallen 
as trie rrxtio of the air pressure on t:.e fcot-piece in pounds 
per 6(iuar inch absolute to atmospheric presL^ure. 

The energy of tx^ie air just before eutering the foot- 
piece, per gallon of wtuter pumped, is t^hea -s the enor^-y 
necessary to compress the air isothermally from atmospheric 
to gage pressure at tlie temperature of the water. 

^2110 product of t:.e weight of air per gallon (6* 54 pounds) 
and tr.e delivery he^t in feet jives the worh : -jrf c:.med by the 
pump. 

The rc^tio of ti.e useful work done in piLmping t:.e water, 
to tiie theoretical energy of tr.e air in expanding iBOther.^ally 
from the air i^s^ pressure near ti.e :oot-piece to atmosph:ric 
pressTire, is ti.e oificienuy of the pump* 

The ahovj motr.od gix^es tl.e erficiB.c;^' of t:-e iu„.p from 

t::e time the air is about to enter. If tl^e .riction inA;^.3 airr 
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line is taken into considori^tion, ii.e sfliciency v/ould be 
lovier. 

Sample Computcttions, - 

Hun ^1 - IPlovi in Julio no rer minute eq^uals 14,6k;. 

Ga_"e pressure ' n orij'ice in pounos pjr sc^uare inch 
equc^ls 31.67. 

Absolute prjciiure on orifice in pounce p ;r ociu^^re inch 
e^iuals 4o.3 (Gufc preb&ure plus barcnatric pressure)* 

Te-nperature oi air, ce:;:r'^es ^aiirenheit (absolute) 
eq^uals 5£5*8* 

Head difference on orifice, incheo of 'i.uter equals i, 
equt^ls 4*3e* 

Co3fficieAt of orifice (c) ec^uals •6112, as obtained 
fro.a curves of a plotted a-;ainst absolute te..iperatur3. 

1|. equals if^^'f,? f'^^^ equals •6160 
t ^ J dlb.8 ^ 

M eigh t of air in pounds por second ec^uals w ecut^ls 
• 041 C |:f P for .500 inch orifice 

equals ^041 x ^6112 x •6150 

equals .01545 pounds. 

Cubic feet of free air p .-r second at 14. 7. lbs. per 
sc^uare inch and 70^ F. ter^pe.ature eouc.ls 13.35 w 
equals 13.35 x •01545 equals .cOoO. 

Cubic feet of .ree air pjr ^-allon of v.i^ter e::uc.l5 

.£060 X 60 equ^^ls .1455 
14. 6E 
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lercent sub:nei\*"ei'ice acuals ^ * Al^AZ* — *" 40.1;^ 
Lolivory haud equals 81*63-(;iS*12-37) • 48*9£ ft. 

i^ pounds of uir per ^ullon of Wator ec,Uc.ls ♦0154b eq^Uixls 
u j.4»62 

•001555 pounds* 

Kutio of expulsion of air es.;.V'als — ' ^. £ — ^— equals 1*98 

Logarithm of 1*98 equals .^96. 

ilner£-y of expanding air per rallon of v. titer pumped ec^uals 

3,677,000 X I X log^Q r 

equals 3,677,000 x .01055 x .296 equals 1147. 

Useful v^ork per gallon of v/ater pumpea equals 8*34 x delivery 

het-d equals 8.34 x 48.92 equals 366 ft. lbs. 

jifficiency in par cent equals useful v.ork equals 366 

ener£:y in air ^ TI37 

equals 51#9>o. 
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CEAPTiilH IV 
A JI^GUoaiOI^ 0? aggjICT O? L::1IjGTH of sUDUCZlOU PIPE UPOU Aia^LIFT 

The primary reason for tl.ese experiments wus to determine 
the effect of length of eduotion pipe upon air-lift perf ormiince. 
In view of this, figures 10,11, and 12 have been drciwn to show 
more olo^rly v/hat relation, if any, exists betv.een l^n,Hh and 
efficiency* 

It v.ould be rather hold to lay dovvn any d?finite lav. s or 
axioms based upon these experiments, as the range oi l-m^^ths is 
too limited, the greatest length being 100.64 feet. Further- 
more, data for only four different lenp:ths ar*3 ^Vcilabl^, and 
hence it v.culd be unv;ise to draw too sweeping conclusions from 
them. 

iSff jct Of Length Upon Efficiency .- 

iLi ex];;lanation of i'igure 10 will, parha^ps, be o:' inter- 
est to the designer of a puinp, as it sr.ows t..3 rolcition of m^-x- 
imu.n efficiency for each length, plotied against l:ngth of 
eduction pipe. 

The curve is convex upv/o^rd una p<^rabolic in si. ape. The 
full line portion corres ^onds al.aost exactly to tr.e e(iuaticn 
S * 15.9 L* • This equation was d^^t 3ri::inec by plotting the 
points logaritlimically. V/l^ile this actuation fits the ex^^ri- 
ntal print?' very closely, va.en extended be:'ond t:.em, as shown 
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"by the dashed line, it tends to show ei'ficiencies for the 
greater length Vvhich are, in the opinion of the authors, too 
high. Thus, at a length of 140 feet, this curve shows an 
efficiency of 75/o, v/nich is generally conL.idored impossible 
for even t:.e be&t-wcrking air-lift. 

The dotted line v.as dri.v.n to chov; in so:3e nie^.sure the 
authors' ideas on the subject. This curve v.ould be practical- 
ly flat at 150 feet of length. It is the opinion of the 
authors that at greater lengths thun triis, txie efficiency v.ill 
not increc:ise. 

Professor Gibson, in his text on hydraulics, st..tes that 
with a given per cent. sub:nerrence and riischar:;a, the effic- 
iency remains practically constant for all lengths of the 
saiiie sized pipe. If tixe data collected by the authors are 
correct (anc v:e see no reason to doubt their trbth), this 
St .t?L:ont is incorrect, at least for tne lengths of pipe used 
by the authors. 

Figure 1£ shov s an analysis based upon flov.- and percoit 
submergence. Tnese curves may be of inter3L3t to the designer, 
as tiioy shov; that on tne longer lengtiiS, ti.e high submergences 
are not a.o necessary for efficieiil operation as on t::e shorter 
lengths. If further investigation shov, s this to be true, it 
is of gr^at importc^nce, aS u pump cooigned upon the old assump- 
tion that with a given flow and submergence, the efficiency re- 
main? const i.:t -^or all lengths of pipe, ti:e well might be built 
consideri^bly deeper than necessary, l^^urthormore, higher pres- 
sures must be u^ed for s^:.rting the pump for the high submerg- 
ences. 

Digitized by VjOOQ IC 



Digitized by 



Google 



40 



This further siiov 3 ti.at t:.e t-ir-lift is better for deep 
wells tr.ij^a Si.t;.llov/. 

affact of Leng:th Upon Voliuae of x^ir ut ?cot-l-leQe , - 

A rule ^hich littS baen ucod by cesit^nera ib t-.t^t tLe vol- 
ume of air per ,>-allon at the foot-piece is the C3aL.a fcr all 
len^rths nt any given flow iuio percent, subner^^enoe. Tne c^uthors 
have attempted to investigate this, and Iho analysis of the 
proble^n is siiown in Fig« 11. The air consiimption was taken 
from Figures 7, 8, and 9 at points of maximum ei'ficiency, all 
of which occur at flows of between 40 and 60 ^-t^llons per rainute. 

An exa.r.ination of t'r.is I'i^ure will siiow thtit this rule 
is true -ror all practical purposes on submer;ences above &O/0, 
and also tho.t it is more ne^^rly true for the longer lengths 
on submergence s below bO'^o. The curves tend to flatten out 
on the longer lengths, and it is probable that a point would 
be reached, even on the lower submergence 3, ".here ti.e rule 
would be true, 

I..efc;e curves further show that the officiency increases 
with ti.e len^'^th* 



"^ The Toltune was oomputed for the pressure oorrespOnding 

to that in the foot-pieoe as shown by the gage dnd at a temper- 
ature of about 28^ Fahrenheit • 
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The primary object of these experiniGnts is to detor:aine 
the effect of vatrious lens'ths of eduction pipe upon air-lift 
performance • They ure iritendod to be of vt-lue to the designer 
as well as to the student of the phenomena. jPto.2 them, ideaS 
cS to the practict.1 usefulness of the pump may be better under- 
stood, and thus tlie field of usefulness of the pui^'ip may be more 
definitely limited* 

V/ith the idea in viev. , conclusions nave been dravm as to 
t .e following-: (1) lenfth, (£) volume of air, (3) percentaje of 
submer 'ence* These conclusion's ure intenOoJ to ombnce only the 
size aiid t^rpe of uppc.rt.tus u^ed, and are not expected to covar 
the Gilt ire scope of tue pump, as tr.e datt* on 'v.hich thoy are 
based is limited. 

(1) The efficiency of the pump inure. .ses ;.ith, but not 
in direct proportion to the length of eduction pipe. Tl.is is 
true for all submerfences aiid all c.ischur.;es, e^nc all lenrths 
v.ithin tiie ran^e of thet^e e^rperimjnts. 

It is tx.e opinion of the autuors tliat tnis incre se is 
not indefinits, out tliat a point v.ill be re.-.ched at W'.ich an 
increase in len^tn \.ill ct^use a decrease in effijiency. From 
Vvhat little dc^ta ve hu'/e, it is ov^t opinion that thio point 
will be reached at uoout ILO feet in lenrth* 

(£) The amount of air used p3r rc^llon decra.^ses v.ith, 
but not in direct proportion to the len^tli of eduction pips* 
This is true or «>11 submerfonces, but is more m^-^rh id on t:-e 
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low sutmer^ences. 

By increasinp^ the :lov. of air, the dischc^r^^e of the puiap 
is increased up to a point whera a further increoLCe in .j^utintity 
of air causes a decrease in disci. ^r£;e. This of Tact probubly oc- 
curs in all leng-ths of pipe, at all sub.uer^ ences, but v/^s only 
noticed on the S7-foot length at 40 and 50 per cent* submerg- 
ences, xiiis point v.aB reached at a flow of 73«^5 gallons per 
minute for the 50 per cent, subinar^enco a.iu at a flow of b9.£fc. 
gallons per minute for the 40 per ce.it. submar::'ence. 

It is the authors' opinion that this is cue to the air 
occupying so much space in ti.e pipe as to le.ve only a s..-ull 
spcce for the \.ater, and thus so much decreasing the effective 
area of the pipe as to decrease the flow in it. 

(5) By incre^^sing tr.e subinjrveace tr.e a.^ount of air used 
is decreased. The efficiency is also increased until c sub- 
mergence of about 70 per ce.it. is cbtain-^d, x.hea it terics to 
decrease vith further increase in submer^-ence. T:.e efficiency 
remains practically constant, between 60 and 70 por ce..t. 
Bubmer^eace. (i^igures 4, 5, 6.) 

(4) Ti.at the longer the puj.ip, the great ?r the ra.ire of 
efficient operation. 

(6) The longer ti.e pu'^p, ti^e lov.er t..e suumer^ence re- 
quired for efficient op-eration. 

(6) The longer the pu^p, ti.e gro^'.er the delivery from 
a given size of pipe. 
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factory to warrant its acceptance as a prerequisite 
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